Background and Purpose-Quantitative arterial tortuosity (QAT) is a ratio of vessel length between 2 points to the shortest linear distance between same points. QAT has been reported as an imaging biomarker of arteriopathy in pediatric arterial ischemic stroke (AIS) because of dissection and transient cerebral arteriopathy. We sought to determine whether QAT abnormalities are present in other subtypes of pediatric AIS. Methods-Children with AIS-absent conventional biomarkers of arteriopathy and case-controls who underwent magnetic resonance angiography were classified by stroke mechanism. The primary study population consisted of cryptogenic AIS cases. AIS with bow hunter physiology and cardiogenic emboli were also evaluated. AIS because of nontraumatic dissection served as positive controls. Patients without vascular risk factors served as negative controls. Segmental QAT of cervicocerebral arteries were measured using automated image processing and differences between groups analyzed. Results-In negative controls, QAT showed significant age-related variability for most arterial segments. Positive controls showed significantly increased QAT of the distal extracranial vertebral arteries (VAs) and decreased QAT of the intracranial VA relative to negative controls. Cryptogenic stroke and bow hunter physiology cases were similar to positive controls showing increased QAT of the distal extracranial VA and decreased QAT of the intracranial VA relative to negative controls. Cardioembolic stroke cases were similar to negative controls showing decreased QAT of the distal extracranial VA and increased QAT of the intracranial VA relative to positive controls. 
A rteriopathy is one of the most common causes of pediatric arterial ischemic stroke (AIS) in developed countries. 1 Conventional imaging biomarkers of arteriopathy, such as luminal stenosis or irregularity, are usually present, readily establishing the cause of stroke. The CASCADE (Childhood AIS Standardized Classification and Diagnostic Evaluation) criteria provides a descriptive algorithm for cerebral arteriopathies based on conventional imaging biomarkers. 2 In a significant minority of children with AIS, comprehensive clinical and imaging evaluation fails to identify an underlying cause of stroke. Such cases are classified as cryptogenic. 3 We hypothesize that AIS in children may be caused by arteriopathies that do not express conventional imaging biomarkers of arterial pathology.
Increased quantitative arterial tortuosity (QAT) has been associated with vascular complications in connective tissue disorders 4 and pediatric AIS because of dissection and transient cerebral arteriopathy. 5 These findings suggest that QAT may be a quantifiable trait that differentiates normal from diseased cervicocerebral arteries. In this study, we evaluated QAT of the cervicocerebral arteries in pediatric patients with AIS because of different mechanisms.
Methods

Design
Retrospective study comparing QAT of the cervicocerebral arteries in pediatric patients with AIS-absent conventional imaging biomarkers of arteriopathy, to a negative control cohort of pediatric patients without known vascular pathology or risk factors and a positive control cohort of patients with nontraumatic arterial dissection. 5 This study was reviewed and approved by our institutional review board for consent waiver. The data that support the findings of this study are available from the corresponding author on request. Patients were excluded for suspected perinatal AIS, incomplete records, or known arteriopathy based on conventional imaging biomarkers (ie, transient cerebral arteriopathy, moyamoya, and fibromuscular dysplasia). Confirmed AIS cases were classified as (1) cardioembolic, (2) bow hunter physiology (BHP), (3) nontraumatic arterial dissection, or (4) cryptogenic. A summary description of cases is available in Table I in the online-only Data Supplement.
Quantitative Arterial Tortuosity Suggests
QAT Measurements
Three-dimensional time-of-flight magnetic resonance angiography source images in DICOM format (Digital Imaging and Communications in Medicine) were used to isolate 7 discrete cervicocerebral arterial segments (6 bilateral and 1 midline) and perform QAT measurements. Imaging, postprocessing, and measuring techniques detailed in the online-only Data Supplement are illustrated in Figure 1 .
Statistics χ
2 or Fisher exact tests were used to compare categorical variables. Continuous variables were compared between paired groups using 2-sample t tests or across groups using 1-way ANOVA. P values <0.05 were considered statistically significant. Additional detail is provided in Methods in the online-only Data Supplement.
Results
Study Population and Demographics
One hundred and forty-seven cases met negative control inclusion criteria, with clinical indications for imaging reported in Table II in the online-only Data Supplement. Forty-two subjects met AIS inclusion criteria: 15 with cryptogenic stroke, 5 with BHP stroke, 7 with stroke because of nontraumatic arterial dissection, and 15 with cardioembolic stroke. Patients with cardioembolic stroke were significantly younger than negative controls and other AIS groups (Table III in 
Posterior Circulation
In cryptogenic stroke, significant alterations of QAT were found for all posterior circulation segments relative to negative Figure 1 . Three-dimensional (3D) magnetic resonance time-of-flight source images were used to generate 3D renderings of vasculature. Vertebral, basilar (A), and internal carotid (B) arteries were segmented using prespecified end points as described. Proximal extracranial (EC) vertebral artery (VA): from VA origin (1) to C2 transverse foramen (interval from 1-2). Distal EC VA: from C2 transverse foramen to lateral margin of C1 arterial groove (2-3). Intracranial (IC) VA: from lateral margin of C1 arterial groove to VA terminus (3) (4) . Basilar artery from origin to terminus (4) (5) . EC internal carotid artery (ICA): from origin of ICA (6) to exocranial ostium of carotid canal (6-7). Petrous ICA: from exocranial to endocranial ostium of carotid canal (7-8). IC ICA: from endocranial ostium of carotid canal to ICA terminus (8-9). controls (Table IV in the online-only Data Supplement). Significant segmental alterations of QAT relative to negative controls were similarly expressed in nontraumatic dissection and cryptogenic stroke. (Figure 2) . QAT of the distal extracranial vertebral artery (VA) was significantly increased in nontraumatic dissection, cryptogenic stroke, and BHP ( Figure 2A) . QAT of the distal extracranial VA was similar for positive controls and cryptogenic stroke but significantly lower in BHP relative to positive controls.
Anterior Circulation
QAT of the intracranial internal carotid artery was significantly increased in cryptogenic stroke relative to negative controls (Table V in the online-only Data Supplement). QAT of the petrous internal carotid artery was significantly increased in cardioembolic stroke relative to negative controls and positive controls.
Numeric QAT data and statistical relationships are available in Table VI in the online-only Data Supplement.
Discussion
In support of our hypothesis, the results of this study show that pediatric patients with cryptogenic AIS have significant differences in cervicocerebral QAT relative to negative controls. The results also show that QAT alterations observed in cryptogenic stroke are differentially expressed by arterial segment. QAT abnormalities in cryptogenic stroke are similar in distribution, direction, and magnitude to those seen in pediatric patients with AIS with nontraumatic dissection. The results suggest that cervicocerebral arteriopathies in pediatric patients with nontraumatic dissection, and cryptogenic stroke, may exist along a continuum of arterial pathology. Accordingly, QAT should be considered a candidate biomarker of arteriopathy in these groups.
Our results show that QAT of the distal extracranial VA is significantly increased in BHP. Although the primary lesion in this group is musculoskeletal, it is not surprising that VA tortuosity is altered. Perhaps affected VAs are exposed to increased longitudinal tension forces during early development in children with BHP. QAT may be an important modifier of stroke risk in this group because dissection secondary to arterial stretching between fixation points is a mechanism of AIS in children with BHP.
In this study, pediatric patients with cardioembolic AIS showed a pattern of QAT that was similar to negative controls with significantly decreased QAT of the distal extracranial VA and increased QAT of the intracranial VA relative to positive controls. The findings support the possibility that QAT may be used as an imaging biomarker to differentiate patients with AIS with subclincial arteriopathy from patients with AIS with cardioembolic stroke.
This study includes the largest published collection of QAT measurements in normal children over a wide range of ages and establishes age-specific normal segmental measurements that can serve as a benchmark for future studies. Prior studies of QAT in pediatric AIS included smaller number of normal case-controls (10% of this study's sample size). Similar to prior studies, our results do not show a significant effect of sex or sidedness. However, in contrast, our study shows significant changes in QAT of specific cervicocerebral arterial segments with age. Our ability to detect age-related changes in QAT may be explained to some degree by our unique segmental approach to QAT analysis. In contrast to Wei et al, 5 we separately analyzed individual segments of the cervicocerebral arterial tree, differentiating segments according to where major transitions in regional anatomy and musculoskeletal mobility impose differential constraints on arterial tortuosity. Our study specifically shows that QAT of the extracranial internal carotid artery and distal extracranial VA progressively decreases during the first 2 decades of life ( Figure 3A) . The results suggest that postnatal elongation of the cervical spine leads to elongation of the cervical arteries. Our results also show that QAT of the intracranial VA progressively increases during the first 2 decades of life ( Figure 3B ). Increasing tortuosity of the intracranial VAs with age may be an adaptation to prevent traction on the cranial nerves as the head grows because the VAs are intimately related to cranial nerves in the lateral infratentorial subarachnoid space. This contrasts with the midline basilar artery, which is relatively remote from cranial nerves and shows a relative shortening with age in our study.
This study is limited by the retrospective analysis of QAT in patients with prior AIS. Further validation of QAT as a biomarker for stroke risk should be studied prospectively. 
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Conclusions
Our study suggests that pediatric cryptogenic stroke is frequently associated with cervicocerebral arteriopathies expressing altered QAT. QAT may be a diagnostic biomarker of arteriopathy in pediatric AIS.
